We studied airborne concentrations of fungal spores and the thermal environment in houses with semi-basements surrounded by a natural forest. We examined the relationship between airborne fungi and the thermal environment, surrounding natural environment, structures of houses and use of a dehumidifier. The subject residential area was located in the northern part of Nara city, Nara prefecture, Japan. Six detached houses were included in this study. In residential areas, outdoor airborne concentrations were high during summer and autumn, correlated with humidity. The presence of Basidiomycetes was particularly notable, although the indoor concentration was lower than the outdoor level. In the semi-basement rooms, relative humidity was nearly always >80% when the residence was built; however, both the indoor humidity and fungal concentrations decreased greatly when a dehumidifier was used in this study. High levels of Aspergillus and Basidiomycetes were detected in semi-basements. Basidiomycetes are likely of outdoor origin, whereas Aspergillus might grow indoors. Moreover, the composition of fungal species differed according to room-structure and usage. Due to the health risks associated with high indoor concentrations of fungi, the utilization of the semibasement or basement space requires adequate ventilation and dehumidification, beginning immediately after construction.
INTRODUCTION
Molds are ubiquitous in natural environments and are utilized in various beneficial ways; for example, Penicillin is used in medicine and Aspergillus oryzae for sake, miso, and soy sauce production. However, molds may cause damage to buildings, or decay of wood, paper, and food. Health disorders may occasionally be caused by molds, including infectious diseases such as a s p e r g i l l o s i s A n d e r s o n e t a l . , 1 9 9 6 a n d mycotoxicosis Flannigan et al., 1991 . It was also living room on the 1 st floor, and in the semi-basement. The semi-basement comprised a bedroom and adjacent storage room that mainly contained books; these two rooms were partitioned by a sliding door, but this was always open. In house No. 1, seasonal measurements were conducted in summer August 2010 and July 2011 , autumn November 2010 , winter February 2011 , and spring March 2011 .
Second, we measured fungal concentrations at houses 1-6, in the semi-basement, and outdoors in front of each house. The data were evaluated for patter ns related to differences in the use of a dehumidifier and the structures of the houses. The measurements were conducted during summer August 2010 , because humidity in Nara city is the highest from June to August in the year. The subject rooms were the semi-basements of all houses, plus: the workroom in house No. 2; the spare room in house No. 3; storage room mainly food in house No. 4; family room in house No. 5; and bedroom in house No. 6.
Method of measurement
Airborne fungi were measured using a rotary centrifugal air sampler with Sabouraud Dextrose Agar S t r i p s f o r y e a s t s a n d m o l d s N i p p o n B i o t e s t Laboratories . Forty to eighty liters of air was sampled 40 L/min at a height of 120 cm. At least 3 samples were collected in each room. Samples were incubated at 25 for 96 h, and any colonies on the dextrose agar strip were counted. After counting, colonies without spores were isolated onto Potato Dextrose Agar Difco medium whenever possible, and were observed by microscope after culturing for 7 days. Fungal species were identified by morphological characters, such the color of colonies and their reproductive structure, according to Samson et al. 2010 . When no spores resources, maintain a living environment harmonized with the climate and natural features, and emphasize residents health and comfort The Association for Environmentally Symbiotic Housing, 2012 . However, there is some indication that reduction in chemical use has facilitated the growth of molds Park and Ikeda, 2004 . Moreover, many houses in urban areas are built on space-limited sites, and it is therefore necessary that land is used efficiently; utilization of underground spaces is regarded as one solution. The large heat capacity of the ground means that annual temperature fluctuations are small in basements, and therefore, energy savings are expected. However, high humidity and water condensation can easily occur in basement rooms Irie et al., 1995 . A l t h o u g h t h e r e a r e m a n y r e p o r t s o f f u n g i characteristic ally found in new dwellings Saijo et al., 2005 and urban and suburban homes Pei-Chih et al., 2000 , there are few previous studies of basement rooms. Laboratory experiments showed that mold growth was related to temperature and humidity Sugawara, 1992 , but there are few studies of the thermal environment and fungi in residential houses, particularly of environmentally symbiotic houses or basements.
We therefore conducted a case study of fungal concentrations in environmentally symbiotic houses with semi-basements. We examined the relationship between airborne fungi and the natural environment, structures of houses and use of a dehumidifier.
MATERIALS AND METHODS

Residential area and houses
The subject residential area 34.7 N, 135.8 E is located in the norther n part of Nara city, Nara prefecture, Japan. The development comprises 10 detached cooperative houses, completed in 2006, of which six were included in this study. FIG. 1 shows a plan view of the residential area. The site is sloping, and most houses have semi-basements where their north wall abuts the hillside. The front of the house is at-grade, but the rear portion is underground. The houses are wooden structures, two or three stories high, with semi-basements of reinforced concrete, and with 50-100 mm of insulation materials. The houses were constructed using natural materials with minimal chemical off-gassing. The residents try to live in ways that are mindful of the environment, and continued their normal daily activities during the study.
We conducted two investigations as part of this study. First, we examined the seasonal variation of fungi in house No. 1. We measured the thermal environment and airborne fungal concentrations outdoors, in the FIG. 1. Plan view of the residential study area. The subject residential area 34.7 N, 135.8 E is located in the northern part of Nara city, Nara prefecture, Japan. Nos. 1-6 indicate the detached houses examined in this study. Table 1 shows the seasonal thermal environments of the outdoors, and in the living room, bedroom and storage room of house No.1 during the one month prior to sampling. Although an air-conditioner was not used in summer 2010 and 2011, a dehumidifier capacity 6.0 L/day was used continually in the storage room in were found after culturing, those fungi were designated as unknown. We indicated fungal number as colonyforming units cfu per cubic meter. The detection limit of the airborne fungal concentration in this study was 12.5 cfu/m 3 of each sample, and the results showed the median measured several times according to sampling point.
RESULTS
Temperature and humidity were recorded outdoor in the shared space in the residential area, and indoors in subject rooms of houses 1-6 using compact recording devices T & D Corporation, Japan . It was previously reported that the growth rates of fungi on sample building materials were affected by the thermal environment, and that the difference in growth increased over time Sugawara, 1992 . We therefore recorded the daily thermal environment, mean temperature, and humidity for one month before fungal sampling.
Statistical methods
Statistical analysis used SPSS version 19 . For s e a s o n a l d i ff e re n c e s i n f u n g a l c o n c e n t r a t i o n , significance levels were set at p < 0.05, with Bonferroni adjustment, and results of the Mann-Whitney U-test were evaluated using the adjusted significance level. For correlations between fungal concentrations and humidity, significance levels were set at p < 0.05, 0.01, and 0.001, and results of Spearman rank-order c o r re l a t i o n a n a l y s i s w e re e v a l u a t e d u s i n g t h e significance level. 
FIG. 2 shows monthly variations in temperature and
humidity for one year, from August 2010 to July 2011, and the growth ranges of xerophilic and hydrophilic molds Architectural Inst. of Japan, 1968 . In the living room, the temperature and humidity in July and August were within the ranges at which xerophilic molds grow; and the temperature and humidity from June to September in the bedroom, storage room, and outdoors were also within the growth ranges for xerophilic and hydrophilic molds.
Airborne fungal concentrations in house No.1 are s h o w n i n Ta b l e 2 . T h e t o t a l o u t d o o r f u n g a l summer, from June to September 2010. In summer 2011, the dehumidifier was stopped for approximately one month June to July 2011 to assess the effect on fungal contamination. Floor-heating was usually used in the bedroom and living room in winter and spring from mid-November 2010 to March 2011 .
Outdoor relative humidity R.H. exceeded 70% except in winter, and was higher than that indoors. Seasonal indoor humidity was highest during summer, and was relatively low in spring and winter. Humidity was higher in the bedroom and storage room located in the semi-basement than in the living room. Tables 2 and 3 .
We examined the correlation between fungal concentrations and the thermal environment at house No. 1; the results resembled those found for fungal concentration and humidity, because both temperature and humidity were highest during summer and lowest during winter in the year. Furthermore, correlations between fungal concentration and the mean thermal environment during the one month before sampling were stronger than the instantaneous correlations on s a m p l i n g d a y s . T h e re f o re , Ta b l e 4 s h o w s t h e coefficients of Spearman rank-order correlation between fungal concentrations and median humidity during the one month prior to fungal sampling at house No. 1.
Strongly positive correlations were observed for unknown fungi in the outdoor, bedroom, and living room results; and for total counts outdoors and in the living room. For Cladosporium, there was a strong positive correlation in the living room, and a moderately positive correlation outdoors. For Penicillium, there was a moderately positive correlation in bedroom and storage room. In summary, unknown fungi and Cladosporium, both outdoors and indoors, increased with temperature and humidity, whereas Aspergillus increased regardless of temperature and humidity.
concentrations were higher in summer and autumn median 850-1200 cfu/m 3 than in winter and spring median 106-231 cfu/m 3 . In all seasons, unknown fungi were found at the highest concentrations of fungi species outdoors 43.8-900 cfu/m 3 and comprised 40-80% of the total. Cladosporium 0-319 cfu/m 3 were the second most common fungal species, comprising 15-40% of the total. The numbers of unknown fungi and Cladosporium increased in summer and autumn. We found many colonies of unknown fungi that produced no spores on the growth media. We detected clamps characteristic of Basidiomycetes in more than two-thirds of all colonies examined. Therefore, most of the unidentified fungi were classified as miscellaneous taxa of Basidiomycetes. The seasonal tendency of total counts in the first-floor living room was similar to that for outdoors, with most being less than half the outdoor levels. However, the counts for semibasements were quite different from those of the first floor in winter. In most sampling periods, indoor counts of unknown fungi and Cladosporium were lower than those outside, although counts of Aspergillus and Penicillium were much higher indoors than outdoors. Counts of Aspergillus in the storage room were much higher in autumn and winter, and Aspergillus counts in bedrooms were also higher in winter than in other seasons.
We stopped the use of the dehumidifier in the storage room of house No.1 for one month, from June to July 2011, and measured fungal concentrations in July. The measurement was repeated on 7 th August 2011, after resuming use of the dehumidifier see Table 3 . We t h e n a n a l y z e d t h e c h a n g e i n t h e t o t a l f u n g a l concentration in the bedroom during the summer of 2010 and 2011; a dehumidifier was used in the adjacent storage room in order to evaluate the effect of the dehumidifier on fungal concentration. Although fungal concentration in the storage room in August 2011 was slightly lower than in July 2011, the thermal environment and fungal concentration of the bedroom were not greatly different in July 2011 without the dehumidifier from those of August 2010 and August Table 6 . The following results for houses 1-6 are based on Tables 2 and 6. The outdoor fungal concentrations at houses 2-6 were 675-1013 cfu/m 3 , and were similar to those at house No. 1; of these, the highest concentrations were of unknown fungal species 363-713 cfu/m 3 , comprising 50-70% of the total. Concentrations of Cladosporium were 100-263 cfu/m 3 10-30% of total . The semibasements of houses 1, 3, 5 and 6 also showed higher proportions of unknown species than of other fungi. Aspergillus showed higher concentrations than other fungi in houses 1, 2 and 4 during summer 2011. Similar levels of Cladosporium and Penicillium were detected in all houses. It was commonly found that during summer,
The thermal environments outdoors and in semibasements of houses 2-6 are shown in Table 5 . As continuous measurements were not conducted at house No. 4, the air temperature and relative humidity were recorded on the sampling date. A dehumidifier w a s u s e d c o n t i n u a l l y i n h o u s e s 2 u n k n o w n dehumidification capacity , 3 17.5 L/day , and 4 5.7 L/day . An air-conditioner was usually used in houses 5 and 6, sometimes in house No. 3, but never in houses 2 and 4. Relative humidity was consistently less than 80% in all semi-basement rooms. The semi-basements of houses 2-6 showed higher temperatures and lower humidity than at house No. 1 Tables 1 and 5 . Airborne fungal concentrations at houses 2-6 during 
Characteristics of indoor fungi
In this study, the composition of fungal species in the living room of house No. 1 was very similar to that outdoors; except for Aspergillus, all of the semibasements showed similar compositions to those outdoors. There are many previous reports that Cladosporium was predominant in indoor air, and that Penicillium, Aspergillus, and Alternaria were detected Pei-Chih et al., 2000; Ren et al., 1999; Sakai et al., 2003 . The concentrations of Basidiomycetes and Cladosporium were high in the living room at house No.1 and in the semi-basements of some houses in this study Tables 2 and 6 . It is considered that indoor f u n g a l c o n c e n t r a t i o n i s a f f e c t e d b y o u t d o o r c o n c e n t r a t i o n s . I n d o o r s a m p l e s s h o w e d h i g h proportions of Basidiomycetes and Cladosporium, but both were more abundant in outdoor samples Tables  2 and 6 . These results imply that these fungi enter houses from outside, but do not grow indoors.
A s p e r g i l l u s a n d P e n i c i l l i u m s h o w e d h i g h e r concentrations in semi-basements than found outdoors, and their indoor levels were similar or higher than Cladosporium Tables 2 and 6 . Udagawa 2004 reported similar findings, and attributed this to the growth of Aspergillus and Penicillium inside of dwellings. The present study also showed that indoor levels of Aspergillus and Penicillium were not affected by outdoor fungal colonies. Ren et al. 1999 reported that fungal concentrations in basements were higher than in other rooms, which w a s a t t r i b u t e d t o h i g h h u m i d i t y, s u c h a s t h e environment in house No.1 in the present study. In addition, Aspergillus was reported to be mesophilic and xerophilic Udagawa, 2004 . The thermal environments in the semi-basements were similar to the thermal growth range of xerophilic molds Tables 1 and 5, FIG. 2 . However, in the present study, Aspergillus grew in semi-basements during winter, at a relative humidity of less than 40%. It was therefore considered that factors other than humidity affected the growth of these fungi. It was also considered that Aspergillus utilized condensation occurring in corners of the rooms as a source of moisture. Although a waterproof membrane and insulation were used in house No.1, it was confirmed that the wooden floor in the north-side corner of the storage room became damp with condensation in all seasons. The cause of condensation was a thermal bridge, caused by partial loss of the insulation material Nakamura et al., 1986 . As Aspergillus and Penicillium are associated with mold allergies, similarly to the case of Cladosporium and Alternaria Shida et al., 2000 , it is necessary to inhibit their growth in residential spaces. numbers of unknown fungi, Cladosporium and Penicillium were lower in all semi-basements than those found outdoors. The analysis of Spearman rank-order correlation showed no correlation between fungal concentrations and humidity during summer at houses 1-6.
DISCUSSION
Characteristics of outdoor fungi
Total airborne fungal concentrations of outdoors were higher in summer and autumn than in winter and spring Table 2 . The seasonal trend for outdoor fungal variation is consistent with previous studies Pei- Chih et al., 2000; Sakai et al., 2003 . The total fungal concentration of outdoors in winter was similar to values reported in Tokyo Yabune et al., 2004 and Nagoya Sakai et al., 2003 , but that recorded in summer was four times higher than data from other regions. The total fungal concentration of outdoors in this study was similar to the annual data for northeast USA Ren et al., 1 9 9 9 a n d f o r s u m m e r i n B r i s b a n e , A u s t r a l i a Hargreaves et al., 2003 . It was reported that total fungal concentrations of indoors and outdoors in southern Taiwan were higher in suburban than urban areas in summer, and were the same in suburban and urban areas in winter Pei-Chih et al., 2000 . The residential area in this study is close on the north to a densely forested area. We consider that this rich natural e n v i ro n m e n t c o n t r i b u t e d t o t h e h i g h e r f u n g a l concentrations than found in previous Japanese studies during summer, although those levels during winter were similar.
In this study, significant correlations were found between humidity levels and total and unclassified outdoor airborne fungal concentrations Table 4 . Most of the unclassified fungi in the present study were Basidiomycetes. It was reported that Basidiomycetes increased in the rainy season, June, and from August to October in Nara Takayama and Kikuchi, 2005 . In the present study, abundant airborne fungal spores were detected during humid periods in both summer and autumn. It is concluded that this is because the study area is adjacent to a forest that contains abundant Basidiomycetes.
It was previously reported that Cladosporium was predominant, followed by Penicillium Ren et al., 1999; Pei-Chih et al., 2000; Sakai et al., 2003 . In this study, Cladosporium represented from 10% to 40% of total outdoor fungi Tables 2 and 6 . Although Cladosporium was less commonly found than unclassified fungi, it was present at relatively constant concentrations in all seasons.
In conclusion, high levels of Basidiomycetes were detected outdoors, and were regarded as characteristic of the region, as residences were located on a forested hillside. The composition of fungal species differed according to room-structure and usage. Due to the health risks associated with high concentrations of indoor fungi, the appropriate construction and utilization of a semi-basement should include adequate ventilation and dehumidification, beginning immediately after construction. This research examined a limited case study of six subject houses. A larger study of the influences of dehumidification, ventilation facilities, structural aspects such as insulation structure and room volume, and lifestyle on fungal concentrations is needed in future.
Factors affecting indoor fungi
In this study, little effect was recognized from the use of a dehumidifier in the semi-basement of house No.1 in 2010 and 2011 Tables 2 and 3 Tables 2 and 3 . This is considered to be due to maintaining mean relative humidity at less than 80% without using a dehumidifier in 2011 Table  3 , despite previously high humidity in 2007.
In reference to the decrease in humidity, it is well known that reinforced concrete contains high levels of moisture when newly constructed, which is released for a considerable period Miura et al., 1989 . The data from August 2007 demonstrate the general tendency of basements to have high humidity. It was considered that fungal concentrations in the bedroom declined because the dehumidifier was used in the adjacent storage room, and because moisture in the reinforced concrete decreased over time. These findings suggest the need for further investigation on the effect of dehumidification and the increase in the period of use after construction. In addition, although the mean relative humidity of all semi-basements was maintained at less than 80% by using dehumidification and air-conditioning, the thermal environment and fungal concentration were not associated with the use of a dehumidifier at houses 1-6 because of the difference in the volume of the rooms and the pattern of use of the dehumidifier, including the capacity and frequency of use Tables 1 and 5 . Fungal concentrations, especially of Aspergillus, were high in storage rooms in houses 1 and 4. Aspergillus tends to be proliferate where there is food, paper, house dust, etc. Udagawa, 2004 . The storage rooms of these two houses contained food and many books, and cleaning was infrequent in these rooms. It was reported that ventilation prevented occurrence of condensation and growth of Aspergillus in rooms not used as living areas Komine et al., 1997 . As these rooms did not have windows or a ventilation system, it was considered that they lacked sufficient ventilation.
